Competitive quantitative PCR and reverse transcriptase-PCR were used to quantitate DNA and RNA from an attenuated ribonucleotide reductase-deleted herpes simplex virus type 1 (HSV-1) mutant in the rat trigeminal ganglion after peripheral inoculation following corneal scarification. Amplification of ganglionic DNA with oligonucleotide primers specific for the HSV-1 glycoprotein B (gB) gene and for the latencyassociated transcript (L4T) gene indicated that there were approximately 2 x 105 genome equivalents per ganglion at 2 days, 7 days, and 8 weeks after inoculation. Amplification of ganglionic RNA with primers specific for HSV-1 LAT indicated that the amount of LAT RNA was also stable over 8 weeks, with 107 LAT molecules per ganglion at 2 days and at 7 days postinoculation and 1.4 x 107 LAT molecules per ganglion at 8 weeks. In situ hybridization with a digoxigenin-labeled riboprobe specific for LAT detected an average of one to two LAT-positive cells in each positive 6-,um section of trigeminal ganglion. In situ PCR detection of HSV-1 genomes in similar sections, using digoxigenin-labeled nucleotides with primers specific for HSV-1 gB, identified as many as 120 genome-positive cells per section. These results indicate that there are approximately 50 LAT molecules per latent HSV-1 genome in the trigeminal ganglion, compared with 15 LAT molecules per latent HSV-1 genome in the central nervous system (R. Ramakrishnan, D. J. Fink, G. Jiang, P. Desai, J. C. Glorioso, and M. Levine, J. Virol. 68:1864-1873, but that cells with detectable LATs by in situ hybridization represent only a small proportion of those ganglionic neurons containing HSV-1 genomes. The presence of latent HSV-1 genomes in a large number of neurons suggests that HSV-1 may be more efficient in establishing the latent state than would be anticipated from previous reports.
A characteristic feature of infection with herpes simplex virus type 1 (HSV-1) is the capacity of the virus to establish life-long latency in the nervous system of the host (14, 19, 34, 40) . In the course of infection of the skin or mucosal surfaces, virus is taken up by axon terminals and transported to the nuclei of neuronal cell bodies in sensory ganglia, where after a short phase of active replication (41) , viral genomes persist in a circular or concatameric form (12, 26, 31) with a chromatinlike organization (9) . Expression of the more than 70 genes of HSV-1 is repressed in the latent state (18, 40) , and only the loci of the viral genes coding for the latency-associated transcripts (LATs) are active. LATs are transcribed from the strand opposite to that of the ICPO gene in the inverted repeat sequence of the long unique (UL) segment of the viral genome and are partially complementary to ICPO mRNA (7, 29, 32, 42, 43) . A 2-kb LAT is the most abundant species, with smaller amounts of 1.5-and 1.45-kb coterminal molecules also found in latently infected ganglia (7, 27, 37, 43, 44, 45) . These RNAs are intranuclear and not polyadenylated (11, 37, 44) . No protein product has been associated with the LAT locus, and no function for the LATs has been defined. Virus mutants which do not transcribe LAT RNA are nonetheless able to establish and maintain latency (19, 36, 39) , although some of these mutants are defective in reactivation from latency (3, 10, 22) . To compare latency in the central nervous system, established by direct intracranial inoculation of virus, with the natural latent state in the peripheral nervous system, we have used the same HSV-1 mutant and competitive quantitative PCR and reverse transcriptase-PCR (RT-PCR) techniques to determine the number of viral genomes and LAT RNA molecules in the trigeminal ganglion of the rat, after achieving infection by corneal scarification and inoculation of virus. We have combined these quantitative measurements with in situ hybridization to determine the number of LAT (RNA)-positive cells in the ganglia and in situ PCR to define the cells harboring viral genomes (DNA) in the same ganglia. We 
MATERUILS AND METHODS
Cells and viruses. All experiments reported were done with a virus designated RRlCAT/RR21acZ (8) , an RR-deleted derivative of HSV-1 KOS in which the RR1 promoter drives chloramphenicol acetyltransferase expression and the RR2 promoter drives expression of ,3-galactosidase. HSV-1 strains mutant in the RR genes are significantly less neurovirulent following intracranial injection into mice (5) and rats (30) and are less able to reactivate from ganglionic latency than wildtype virus (20) . All Competitive quantitative RT-PCR. The amount of LAT RNA in ganglia was determined by competitive quantitative RT-PCR, using a technique described previously (30) . Mixtures of target and standard RNAs were reverse transcribed, and the resulting DNA templates were amplified in the presence of the wild-type LAT primers. The amplified DNA fragments were then processed as described for DNA quantitation. The standard RNA was prepared in a series of in vitro reactions (30) .
Five microliters of extract was mixed with a 10-fold dilution series of mutant LAT RNA ranging from 1 ,ug to 1 fg and subjected to RT-PCR. The samples were amplified for 30 cycles and diluted 200-fold, and following reamplification for an additional two cycles in the presence of 1 [lI of [oL-32P] dCTP (400 Ci/mmol; Amersham), the products were digested with 20 U of BsaHI at 37°C overnight. Reaction products were electrophoresed in 4% NuSieve GTG agarose gels and exposed to X-ray film, from which visual estimates of target RNA quantities were made. Five-microliter samples of extract were then coamplified with a twofold serial dilution of mutant LAT RNA ranging from 50 to 3.1 fg, using the same procedures. PCR products were processed, radioactivity was quantitated with the AMBIS system, and the counts were analyzed by linear regression as described for the viral DNA determinations.
Ten-microliter aliquots of each RNA extract were amplified by RT-PCR using primer pairs for the GAPDH transcript. The reaction products were electrophoresed on 1% agarose gels, the gels were dried, and the amount of radioactivity per reaction product band was quantitated as described above. The amounts of RNA in the extracts were equivalent, and no adjustment in the sample was necessary.
In situ hybridization. Six-micrometer sections of infected trigeminal ganglia on glass slides were deparaffinized in xy- (16) . Posthybridization, the slides were rinsed three times with 50% formamide-1 x SSC at 56°C and twice with 1 x SSC at room temperature. The bound digoxigenin-labeled probe was localized with an alkaline phosphatase-conjugated antidigoxigenin antibody (1:250; Boehringer-Mannheim) detected with 5-bromo-4-chloro-3-indolylphosphate toluidium-nitroblue tetrazolium (BCIP-NBT; Vector Laboratories).
In situ PCR. In situ PCR was carried out by using a modification of previously described methods (28, 38 (Table 1) .
No amplification was observed when aliquots from each extract were pretreated with RNase prior to the reaction, confirming that the RT-PCR exclusively amplified RNA (Fig.  3, lanes 1 ). In addition, there was no amplification when the Moloney murine leukemia virus reverse transcriptase was not " Net counts per minute corresponding to amplified wild-type and mutant gB or LA T DNA were quantified by using the AMBIS radioanalytic imaging system, and the amounts of wild-type gB DNA were determined from linear regression plots of net counts per minute against amounts of input mutant DNA. Each value shown is an average from five different animals, each measured from three independent sections, + standard deviation. The larger amount of LAT DNA reflects the diploid nature of the LAT gene in the HSV-I genome.
h The gB PCR product is 191 bp, which corresponds to 1.26 x 105 g/mol. The total number of gB molecules was calculated by using Avogadro's number. Since gB is a single-copy gene, the number of gB molecules is also the number of genome equivalents.
' The amount of LAT RNA was calculated in a manner similar to that forgB DNA, by using linear regression plots of net counts per minute against amounts of input mutant LAT RNA. Each value shown is an average from five different animals, each measured from three independent sections, + standard deviation. dThe LA T PCR product is 195 bp, corresponding to 1.28 x 1()5 g/mol. As in the case of gB, the total number of LAT RNA molecules was calculated from Avogadro's number. added to the untreated reaction mixture (Fig. 3A, lane 8; Fig.  3B , lane 8; Fig. 3C, lane 7) . To confirm that the restriction digestions were complete after the PCR, extracts in the absence of any standard competitor RNA were amplified and restriction enzyme digested, resulting in a single product of 174 bp (Fig. 3A, lane 2; Fig. 3B, lane 2; Fig. 3C, lane 2) .
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Identification of neurons expressing LAT RNA. Six animals were inoculated in each eye, and at each time point (2 days, 7 days, and 8 weeks), two animals were sacrificed and the four trigeminal ganglia were individually processed for analysis by in situ hybridization. The distribution of ganglion cells expressing LAT RNA was determined by in situ hybridization with a digoxigenin-labeled riboprobe antisense to the LAT RNA sequence. Every 5th slide (containing four 6-p.m sections per slide) or every 10th slide (containing two 6-pLm sections) was examined. Every ganglion had LAT-positive cells, although many sections contained no LAT-positive cells. The number of positive cells in the ganglia were generally few, although there is a suggestion that the 2-day ganglia may have more than the 7-day and 8-week tissues ( Table 2 ). The sections from the 7-day and 8-week ganglia which showed LAT-positive cells typically contained only one to two positive cells per section ( Fig. 4A and B; Table 2 ), and the maximum number of LAT-expressing cells seen in any single section was five. These data are consistent with previous reports of in situ hybridization studies of LAT expression in latently infected trigeminal ganglia (6, 20, 33, 34) . We estimate that there were approximately 10 to 20 LAT-positive cells per ganglion at 7 days and 8 weeks, although we did not perform in situ hybridization on serial sections through the ganglion.
In situ PCR. To determine whether viral genomes in the ganglion were restricted to the LAT-positive neurons detected by in situ hybridization, we examined selected sections from the same ganglion by in situ PCR to detect HSV-1 DNA. gB primers and digoxigenin-labeled nucleotides were used to produce digoxigenin-labeled DNAs in situ, which were then localized by using an alkaline phosphatase-conjugated antidigoxigen antibody detected with the BCIP-NBT substrate. In contrast to in situ hybridization which detects LAT RNA, in situ PCR detection of viral DNA showed many positive cells in every section chosen because of their proximity to LAT-positive sections. The signals, localized to neuronal cells, were nuclear in location and varied in intensity ( Fig. 4C  and D) . The number of positive neurons in sections (at least 10 sections from each animal) from all 12 ganglia were counted. The maximum number of HSV-1 DNA-positive cells in the ganglia ranged from 29 to 120 per section. The data in Table 2 presents the distribution of the maximum number of gB DNA in situ PCR-positive cells observed in the 12 infected ganglia.
A number of controls were performed to determine that the in situ PCR results were specific for the HSV-1 gB gene sequence. (i) In situ PCR using gB primers and uninfected ganglia failed to show any labeled nuclei (Fig. 4E). (ii) No in situ signals were detected in infected ganglia, using a primer pair for the HIV tat gene not present in the tissue (Fig. 4F) . (iii) DNase treatment of sections from infected animals prior to PCR eliminated the PCR signals (Fig. 4G) . (iv) Finally, DNA extracted from sections of infected ganglia after PCR was completed hybridized to gB-specific probes in Southern blot analyses. Single radioactive bands of the expected length were observed (Fig. 5) . " Six rats were each inoculated with 2 x 1)" PFU virus in a I-,ul volume following corneal scarification. At each time point, two animals were sacrificed. all trigeminal ganglia were excised, and 6-p.m sections were processed for ill situ hybridization and in situ PCR as described in the text. At least 10 Gressens and Martin (17) in the mouse trigeminal ganglion and brain latently infected with wild-type HSV-2; they also used in situ PCR to detect viral DNA and in situ hybridization for detection of LAT RNAexpressing neurons. The rodent trigeminal ganglion contains only about 20,000 neurons, of which 250 to 400 project to the cornea (1, 24) . Thus, the number of genome-containing neurons in our model is of the same order of magnitude as the number of neurons in the ganglion that project to the cornea, and consequently the number of HSV-1 genomes per positive 
